Introduction
Composite materials, especially those with a polymeric matrix, are of considerable interest to researchers and engineers due to a wide range of combinations in material properties 1 . In particular, the use of natural fibers, such as sisal, jute, curaua, ramie and cotton, in polymer composites has grown in recent years, due to material abundance, low cost and low density, and due to their renewable characteristics. These materials are also less abrasive to processing equipment compared to synthetic fibers, which becomes very important when equipment costs are high [1] [2] [3] . Major advantages of synthetic fibers over natural fibers include lower moisture absorption of the former and their better adhesion with the polymer matrix 4 . An important drawback preventing wider exploitation of natural fibers is their hydrophilic character, which is incompatible with the hydrophobic character of the polymer matrix. Because of that, poor fiber/matrix interfacial adhesion is observed 2, 5 . Cotton fibers are usually found as waste from the textile industry, being usually deposited in landfills and dumps. Although cotton does not have high mechanical properties compared to similar fibers, it can be combined to polymers to yield composites with some mechanical properties superior to that of a pure polymer 3 Borsoi et al. 3 studied the incorporation of cotton fiber in thermoplastic matrix composites and obtained satisfactory mechanical results, including higher impact and flexural strength as well as increased flexural modulus. Hashmi et al., 6 studied cotton/unsaturated polyester composites and reported an improvement in structural integrity of the material under sliding wear conditions, a decreased specific wear rate and a higher coefficient of friction with the addition of the fiber.
Dynamic mechanical analysis (DMA) is widely used to characterize polymers and sometimes employed to investigate the relationship between macroscopic and microscopic material properties, corroborating mechanical characterization studies. For composites, DMA has been applied to understand the storage and loss moduli variation upon fiber incorporation. The glass transition temperature and the effectiveness C coefficient can also be estimated 7, 8 . The primary goal of this study is to evaluate the effect of the stacking sequence on the mechanical and the dynamic-mechanical properties of cotton/glass fiber reinforced polyester laminates, and to assess the amount of glass fibers that can be replaced without compromising of the evaluated properties.
Materials and Methods

Materials
The cotton fibers (waste from the textile industry) were supplied by H. Milagre (RS, Brasil). The glass fibers were supplied by Owens Corning (SP, Brazil This study focuses on the use of waste cotton fiber from the textile industry to produce composites with unsaturated polyester and to evaluate the performance of glass (G) / cotton (C) fiber laminates, particularly their mechanical and dynamic mechanical properties. Distinct stacking sequences were studied but the overall fiber content was kept constant. In general, hybrid laminates exhibited intermediate mechanical properties compared to those of the pure laminates, and optimum performance was obtained when the glass fiber mats were placed on the surfaces of the composite. Furthermore, some hybrid laminates exhibited superior dynamic mechanical performance, even compared to the pure glass laminate. Lower tan delta peak height (related to better fiber-matrix interaction) values and higher T g were reported for the [C/G/Ḡ]s and [G/C/C]s samples which, together with the [G/C/Ḡ]s sample, exhibited the best results for reinforcement effectiveness and loss modulus peak height. Therefore, it is found possible to partially replace the glass fiber by waste cotton fiber considering that the final product may be optimized for mechanical property, which requires glass fiber at the surface of the laminate, or for dynamic mechanical properties, that allows higher cotton fiber content.
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Influence of Stacking Sequence on the Mechanical and Dynamic Mechanical Properties of Cotton/Glass Fiber Reinforced Polyester Composites unsaturated polyester resin Arazyn 13.0 was supplied by Ashland S/A (SP, Brazil). The initiator methyl-ethyl-ketone peroxide in diisobutyl phthalate (Butanox LPT) and the curing promoter dimethylaniline (DMA) were purchased from Disfibra (RS, Brazil).
Methods
The cotton fibers were chopped (25 mm length), dried for 30 min at 90 °C in an oven with air circulation and randomly distributed in a pre-mold to produce a mat. Five layers of cotton fiber mat (C) or glass fiber mat (G) were stacked following different lay-up sequences (Table 1) . Each layer accounted for 20% of the available fiber volume fraction, and the overall fiber content within the composite was kept constant at 30 vol.%.
The resin was mixed with 0.1 wt% DMA and 1 wt% Butanox LPT and poured onto the fiber mats previously placed in a steel mold (dimensions: 170 × 170 × 3 mm 3 ). Hot compression molding was carried out at 80 °C for 60 min under 4 ton. After that, pressure was released and post-curing was performed at 80 °C for 90 min.
Fiber characterization was performed using thermogravimetric analysis (TGA -Shimadzu TGA-50) at a heating rate of 10 ° C.min -1 , from 25 to 800 ºC. The fibers were also investigated using Fourier transform infrared spectroscopy (FTIR -Nicolet IS10 -Thermo Scientific) with attenuated total reflectance (ATR).
Unnotched Izod impact tests were performed on laminate specimens (dimensions: 63.5 × 12.7 × 3 mm 3 ) using a CEAST impact machine in accordance with ASTM D256. The pendulum contacts the sample at a constant distance (22 ± 0.05 mm) from the specimen clamping point, at its centerline. The maximum hammer energy was 7.5 J and the average value obtained for 10 specimens for each laminate is reported. Flexural tests were performed in accordance with ASTM D790 using an EMIC DL-3000 universal testing machine (2 kN load cell) with 7 specimens (dimensions: 120 × 12.7 × 3 mm 3 ) for each laminate. The dynamic mechanical characteristics of the laminates were evaluated using a DMA 2980 Dynamic Mechanical Analyzer. One sample for each laminate (dimensions: 60 × 10 × 3 mm 3 ) were heated from room temperature to 180 °C at a heating rate of 3 °C/min, under three-point bending loading, at 1 Hz frequency and an oscillation amplitude of 15 μm. The effectiveness C coefficient was calculated using Eq. (1)
where: E ' g and E ' g are the storage modulus values in the glassy (40 °C) and rubbery (160 °C) regions, respectively.
Results and Discussion
Cotton fiber characterization
The results obtained from thermogravimetric analysis (TGA) of the cotton fibers are shown in Figure 1 . The initial weight loss observed between 30 and 110 °C is attributed to the vaporization of water and some components that are physically attached to the fibers. The second weight loss process associated with the maximum decomposition rate at 348 °C is related to the degradation of the cellulose in the fiber. An extra weight loss process is sometimes observed in some natural fibers in the 220-310 °C range related to the presence of hemicellulose, but this was not identified in the DTG of the cotton probably due to the low amount of hemicellulose present in this fiber [9] [10] [11] . According to Satyanarayana et al. 9 , the composition of cotton is ~90% cellulose, ~6% hemicellulose, and 4% extractives, lignin and waxes. Figure 2 shows the ATR-FTIR spectrum of the cotton fiber and typical bands of cellulose, lignin and hemicellulose are observed. The strong peak observed at 3330 cm -1 is characteristic of the hydroxyl (OH) groups of cellulose, lignin and water 12 . The peak at 2896 cm -1 is characteristic of the stretching vibration of C-H present in cellulose and hemicellulose 9 , and the band at 1622 cm -1 may be related to the presence of water in the fibers 10 . The absence of a peak at 1730 cm -1 , characteristic of the carboxyl group of hemicellulose 11 , corroborates the TGA results, i.e. the low content of hemicellulose in cotton.
The absorption band at 1428 cm -1 is associated with the CH 2 symmetric bending of the cellulose. The absorption bands at 1360 and 1315 cm -1 are relative to bending vibrations of the C-H and C-O groups, respectively, of the aromatic rings in cellulose polysaccharides. Intense peak vibrations observed at 1032 cm -1 are related to the (CO) and (OH) stretching vibrations of the polysaccharide in cellulose. The peak at 894 cm -1 indicates the presence of β-glycosidic linkages between monosaccharides 11, 13 . Figure 3 shows an increase in impact strength with the glass fiber content due to the improved resistance brought by these fibers in the composites . These results were similar to those of De Rosa et al. 16 , who studied hybrid laminates containing E-glass/jute/E-glass layers and reported that the initial failure occurs at the top surface of the laminate and that the layers farther from the center suffered the greatest damage. They also concluded that placing glass fibers at the surface increased flexural stiffness of the laminate and, in turn, its impact strength 17 . Figure 4 shows flexural strength of the laminates. It is important to note that three-point bending contains tensile, compressive and shear components, and they all benefit from the presence of glass fibers 14 . Thus, as expected, flexural strength of the laminate containing only glass fiber (≈ 145 MPa) was much higher than that of the pure cotton (≈ 72 MPa).
Mechanical characterization of the laminates
Ahmed and Vijayarangan 18 studied jute/glass laminates and concluded that arranging the glass fibers at the ends increased flexural strength compared to a laminate containing intercalated jute and glass layers, which was justified by the fact that flexural strength and stiffness are controlled by the outer layers of the composite. However, the hybrid laminates studied here showed similar flexural strength when the same reinforcement ratio was used (i. The increase in tensile strength was primarily related to the number of glass layers in the laminate. According to Jawaid et al. 1 , tensile strength of E-glass fiber is within 2000-3000 MPa, and that of the cotton fiber is only ≈ 400 MPa. This explains the significant difference between strength of the pure cotton (≈ 30 MPa) and pure glass laminates (≈ 170 MPa).
The collection of mechanical results shown above are important to evaluate the amount of glass fiber that can be replaced by waste cotton fiber in order to tailor the properties of the final laminate. Figure 6 shows the storage modulus (E ') for the pure resin and the laminates. A clear increase in modulus with respect to the resin was observed for the composites, which is due to the stiff reinforcement. Similar results have . Also, the higher modulus of the glass fiber 20 and its stronger adhesion with the polymer 7 , compared with cotton, lead to a greater increased in stiffness in the glassy region, for a higher glass fiber content in the laminate. This effect was more pronounced for those samples containing glass mats positioned on the ends.
Dynamic mechanical characterization of the laminates
As temperature, and consequently, mobility of the polymer chains increased 7 , modulus decreased, especially past the glass transition region. For the laminates, this reduction in modulus was less pronounced compared to the resin due to the effect of the reinforcement in the polymer matrix 19 . The coefficient of reinforcement effectiveness can be used to evaluate how effective the reinforcement is at maintaining the modulus as the temperature increases in comparison to the pure resin. The maximum effect occurs when the stress transfer between matrix and fiber is maximized, and low C values indicate greater effectiveness 21 , i.e. lower C values would be expected for the pure glass fiber laminate.
However, natural fibers and glass fibers have low coefficient of thermal expansion (CTE) (≈ 5 × 10 -6 / ºC) compared to the polyester resin (≈ 70 ± 7 × 10 -6 / ºC). Therefore, as temperature varies, fiber and matrix will not expand or contract to the same extent, and tend to decouple due to the mismatched CTE 22 . Since glass fibers are treated with silanes, they are expected to resist to that effect differently from natural fibers.
In this study, similar results were found for all samples (Table 2) . Previous studies 18, 23 for ramie/glass fiber and pineapple/glass fiber reported analogous results. These authors justified similar C values considering that, by increasing the volume fraction, agglomeration of glass fibers takes place, decreasing the effective fiber/matrix stress transfer. Figure 7 shows the loss modulus (E") curves for the pure resin and the laminates. The increase in E" of the laminates compared to the resin can be explained by an increase in internal friction, with a consequent increase in dissipated energy in the system, shown by a more pronounced peak height 24 . The variation in E" peak heights (Table 3 ) exhibited a trend similar to that of impact strength, that is, higher energy dissipation in polyester-glass compared to polyester-cotton interface. Positioning of the glass layers at the composite ends and increasing of the amount of glass fibers all give a positive effect in this characteristic.
Some authors suggest that it is more reliable to obtain the glass transition temperature (T g ) from the loss modulus than from the tan delta peak, which tends to overestimate it 25 . The T g data obtained from E" (Table 3) These laminates also exhibited a higher C value. Figure 8 shows the tan delta curves for the laminates. The tan delta peak values decreased compared to the pure resin due to the hindering of polymer chains motions resulting from the incorporation of a rigid fiber. This trend is indicative of the dissipated energy related to fiber-matrix interactions at the interface, and a lower tan delta peak value suggests stronger interfacial adhesion 26 . Table 3 
Conclusions
Depending on the application, it is possible to partially replace the traditional glass fiber by waste cotton fiber obtained from the textile industry, in composites with unsaturated polyester. The key findings may be summarized as: -Characterization of the cotton fiber confirmed the high cellulose and low hemicellulose/lignin content reported in the literature.
-The hybrid laminates exhibited intermediate mechanical properties between those for the pure laminates. Impact tests indicated that, to ensure optimum performance, the glass fiber mats need to be at the surfaces of the composite, being this effect even more important than increasing the glass fiber content, as observed comparing the [C/G/Ḡ]s and [G/C/C]s samples.
-Impact strength followed the same trend observed for E" peak height, being both indicative of the ability to dissipate energy by the system. Flexural strength increased with the glass fiber content, especially for laminates containing glass fibers at the ends. Tensile strength was found to be mostly dependent on the relative content of each fiber.
-Storage modulus at low temperature increased with the glass fiber content. However, as the temperature increases, some hybrid laminates exhibited similar performance than pure glass laminates.
-Lower tan delta peak height values (suggesting stronger fiber-matrix interaction) and higher T g values were reported for the [C/G/Ḡ]s and the [G/C/C]s samples, which together with the [G/C/Ḡ]s sample exhibited greater reinforcement effectiveness and lower loss modulus peak height. In addition, higher T g values were found for hybrid composites instead of those with a single fiber. Perhaps, in the hybrid composites, the way the fibers are packed in the laminate may result in higher restriction imposed on the mobility of the polymer molecules at the interface.
Finally, it may be concluded that, depending on the application, composites containing waste cotton fiber may be used by tailoring the hybrid architecture (e.g. higher glass fiber fraction placed at the surface of the laminate) or considering the temperature influence (dynamic mechanical analysis), which would allow a limited amount of cotton fiber to produce similar results than pure glass fiber laminates.
